INTRODUCTION
Diarrhea is one of the most common complaints of patients seeking medical attention. It is commonly described as increased liquidity or decreased consistency ("loose or watery") of stool 1, 2 . Other authors have defined diarrhea in terms of increased in stool frequency or fecal weight but in general, increased in defecation alone is not regarded as diarrhea and patients may have loose or watery stool with normal weight. The differential diagnosis for diarrhea is broad and the basic mechanism involved depends on the underlying etiologic cause. Understanding the basic physiology of the gastrointestinal tract is essential in the understanding of the mechanisms of gut dysfunction and the development of diarrhea.
The gastrointestinal tract is a delicate balance of 4 basic physiologic functions: secretion, absorption, barrier function and motility. All of these processes aim to facilitate extraction of nutrients or needed substances from food and excretion of excess, refuse and toxic materials. Intestinal absorption of water is crucial to maintain hydration for normal bodily functions. Moreover, the intestinal epithelium undergoes constant regeneration. As discussed in Chapter 16, intestinal cell proliferation occurs in the crypt, which actively supplies the sloughing enterocytes at the villus, where most absorption occurs. The entire intestinal epithelium may be replaced in 2-3 days.
As discussed in Chapter 16, everyday, the intestinal tract accommodates around 9 liters of water, of which 7 liters come from mucosal and glandular secretions 3 . Seventy eight percent of the water is absorbed in the small intestine and 21% are absorbed in the colon. Only 100 ml is left in the stool for excretion. Secretion, mostly occurring in crypt cells, and absorption, mostly occurring in the villi, are usually facilitated by various ion transport mechanisms that are regulated by the enteric nervous, endocrine, and immune systems. Small intestinal pathology tends to cause voluminous, watery diarrhea as most secretion and absorption occur in this site. Large intestinal pathology tends to present with mucoid, bloody, inflammatory or scanty diarrhea. There are different ways on how the physiologic balance in the gastrointestinal tract could be disturbed and cause diarrhea. "Loose" bowel movement or "watery" diarrhea suggests decrease amount of solute relative to water in the stool. Water transport, which occurs in conjunction with the movement of ions and solutes across the cell membrane, is thought to be facilitated by water channels called aquaporins 4 . It is still unclear how diarrheagenic pathogens directly affect these water channels but presumably, movement of water across the intestinal epithelium is passive as it follows the transport of ions or solutes through channels that may be regulated by several factors.
SECRETORY DIARRHEA
Thus, increased in ion transport towards the luminal side (secretion) or decreased movement of ion or solutes towards the basal side (absorption) of the epithelium increases water content of the stool. Infectious agents mediate diarrhea either by release of toxins that alter transport across ion channels, by directly modifying the structure and function of the absorptive microvilli or compromising the integrity of the epithelial barrier 5 .
INCREASED ION SECRETION
Chloride secretion predominantly occurs in the intestinal crypts thru Clchannels. Cl-transport through Cl-channels is driven by the ion gradient generated by energy-dependent (Na-K-ATPase) and -independent (Na-K-Cl co-transporter) ion channels located in the basolateral surface of intestinal epithelial cells (IECs) (Figure 30 .1) 6 . Cytic fibrosis transmembrane regulator (CFTR) 7 and calcium dependent Cl channels (CaCC) 8 are 2 known chloride channels. Enterotoxins from either bacterial or viral pathogens-commonly causing secretory or watery diarrhea, alter these transport channels. The cholera toxin (CT) of Vibrio cholerae, upon binding to membrane receptor, GM1, is transported intracellularly. It, then, activates adenylate cyclase causing generation of cAMP. CAMP activates protein kinase A, which in turn, activates CFTR resulting to translocation of the ion channel to the enterocyte surface and consequently, to increase in chloride secretion. E.coli heat labile toxin LT, being structurally and functionally homologous to CT, causes the same effect 9 . Upregulation and activation of CFTRs can also be accomplished by E. coli heat stable toxin, STa, through binding to transmembrane guanylate cyclases (GC) in the brush border of the intestinal epithelial cells 10, 11 . These GCs are located mostly in the apical, but are also found in the basolateral aspects of the IEC. Increase in cGMP activates protein kinase G, which like PKA, directly phosphorylates CFTR to stimulate secretion 12 . Endogenous peptides, guanylin and uroguanylin, can also bind and activate GCs.
The CaCC pathway is less understood. The thermostable direct haemolysin (TDH) of Vibrio parahemolyticus activates this chloride channel 13 . Any condition that increases intracellular calcium concentration, may presumably cause activation of CaCCs. Rotavirus, the most common cause of diarrhea in children, causes increased intracellular Ca ++ mediated by NSP4 enterotoxin, which in turn induces Cl -secretion 14 . Prostaglandins, generated during inflammatory conditions, e.g. inflammatory bowel disease or enteric infections, by activating submucosal enteric neurons, causes secondary increases in neurotransmitters, vasoactive intestinal peptide (VIP), acetylcholamine (Ach), and substance P 15 . VIP and Ach, in turn, induce Cl -secretion via cAMP and Ca ++ -dependent mecha-nisms. Substance P may directly activate epithelial cells and induce Cl -secretion. Of note, CT-induced secretion has also been additionally attributed to release of prostaglandins 16 . ) across the apical cell is generated by the intracellular resting negative potential from the activity of ion transport channels at the basolateral membrane 53 . Cyclic AMP and calcium (Ca 2+ ) are the main signaling molecules that activate the chloride channels, cystic fibrosis transmembrane regulator (CFTR) and Ca 2+ dependent chloride channel (CaCC). Any condition that causes elevated cAMP or Ca 2+ may potentially augment Cl -secretion, which is followed by Na + secretion with the osmotic gradient generated pulling water towards the lumen.
IMPAIRED ION OR SOLUTE ABSORPTION
Impairment in channels mediating solute or ion absorption is another mechanism for diarrhea (Figure 30.2) . The Cl -/OH -exchanger, down regulated in adenoma (DRA) is located in the apical side of the enterocytes. This ion channel allows for transport of Cl -from the apical to the basolateral side of the epithelium. Lifelong diarrhea is observed in congenital chloride diarrhea from a recessive mutation resulting to decreased amounts of DRAs 17 . Enteric pathogens that cause blunting of the apical microvilli (or brush border) effectively decrease the surface Cl -/OH -, as well as other ion exchangers, thus inhibiting Cl -absorption. Enteropathogenic E. coli (EPEC) decreases the cell surface DRAs by attaching to the intestinal epithelial cells and cause effacement of the brush border microvilli 18 . This "attachment and effacement" process is thought to cause internalization of DRAs. The parasite Cryptosporidium spp, known to cause persistent diarrhea in malnourished children and immunocompromised adults, may also mediate diarrhea by attaching to the microvilli and cause disruption of the cell surface with its accompanying ion channels. Intestinal Na + absorption is accomplished primarily through Na + /H -exchangers (NHEs). Cyclic AMP, cGMP and elevated Ca 2+ , as well as neuroendocrine substances, inhibit NHEs. Cholera toxin and LT, through their effect on cAMP, also cause decrease Na + /H + activity. Other conditions that increase intracellular cAMP levels may, while increasing Cl -secretion through CFTR can also decrease Na + absorption through NHEs. EPEC, through its secreted proteins, causes destruction of microvilli and consequently, decreased surface area available for channels for Na + uptake, such as, NHEs. Moreover, EPEC also reduces the activity of Na/glucose cotransporter SGLT1 19 . SGLT1 promotes Na + absorption in the presence of glucose only. Because of its effect on SGLT1, diarrhea secondary to EPEC, unlike cholera toxin, is not as responsive to oral rehydration, which rely on glucose to drive Na + (and subsequent water) absorption 20 . Pathogens affecting the absorptive microvilli can also cause maldigestion of sugars and proteins secondary to decreased brush border enzymes. Rotavirus has recently been reported to impair the biosynthesis of a brush border peptidase in a human intestinal cell line 21 . Injury to the epithelial barrier, cell death and recruitment of inflammatory cells are the pathohistologic hallmarks of inflammatory diarrhea. These changes can be due to direct invation of the enterocytes by bacteria or by the internalization of bacterial toxins or products that affect the cytoskeleton, incite an inflammatory cascade and induce apoptosis (Figure 30.3) . The increased permeability leads to transport of ions, solutes, water, bacteria and toxins across the epithelium. Local and systemic inflammatory reactions are elicited. Stool becomes positive for leukocytes or even blood, in some cases. The patient may have abdominal pain from the inflamed intestines, increased WBC in the blood (leukocytosis) and fever. 
INFLAMMATORY DIARRHEA

BACTERIAL INVASION OF THE EPITHELIUM
Certain pathogens invade and cause destruction of the intestinal epithelium. Bacteria like enteroinvasive E. coli (EIEC) and Shigella are able to penetrate the epithelium thru "M" cells (Figure 30.3) . M cells are specialized cells overlying the Peyer's patches or lymphoid follicles 22 . These cells sample particles from the gut and serve as entry point for invasive bacteria as well. From the M cells, bacteria gain entry into macrophages and eventually, to the basolateral side of other epithelial cells. Bacteria multiply intracellularly and induce release of mediators of inflammation, promoting recruitment of inflammatory cells such as neutrophils and monocytes 23 . The inflammatory response result to destabilization of the epithelial barrier, further enhancing bacterial entry across the epithelium. Infected cells undergo apoptosis (programmed cell death) while bacteria spread to other cells. Pathogens like EPEC, Shigella, and Salmonella also alter proteins of the tight junctions, which are the main player in the maintenance of epithelial integrity.
CYTOTOXIC AND ENTEROTOXIC EFFECTS
Enterohemorrhagic E. coli (EHEC)-Shiga toxin-producing E. coli (STEC) has cytotoxins or verotoxins that mediate not only secretion and mucosal injury locally but gain access to the circulation and cause endothelial damage resulting to hemolytic-uremic syndrome (HUS) 24 . The Shiga toxins, Stx1 and Stx2 are encoded in bacteriophages, which are induced under stressors, such as antibiotic exposure 25, 26 . The toxins that are released bind to receptors in the epithelium, get internalized and inactivate 28S ribosomal RNA, thereby inhibiting protein synthesis 27 . In HUS, patients develop microangiopathic hemolytic anaemia characterized by the appearance of schistocytes in the peripheral smear, thrombocytopenia (low platelets) and azotemia (increased creatinine). Other organs, such as the kidneys, can be involved with ischemia from vascular thrombosis. Typically, diarrhea is hemorrhagic but relatively non-inflammatory 28 . Similar to EPEC, EHEC strains are also capable of inducing an attaching-effacing effect on the enterocytes 29 . Clostridium difficile colonization and infection is precipitated by the disruption of the intestinal microbiota. The bacteria secrete toxin A (TcdA) and toxin B (TcdB) that glucosylate small GTPases family of proteins (Rho, Rac, Cdc42) 30, 31 . Inactivation of these GTP-binding proteins leads to disruption of the actin cytoskeleton, loosening of the tight junctions and apoptosis of the intoxicated cells 32 . TcdA and IL-8, one of the cytokines produced by epithelial cells in the presence of C. difficile toxins, iare a potent chemoattractants, thereby, facilitating migration of inflammatory cells such neutrophils and monocytes 33 . Furthermore, TcdA induces expression of cyclo-oxygenase 2, leading to increased prostaglandin E2 production 34 . Substance p, a small peptide associated with enteric neurons, has also been noted to be increased during intoxication 35 .
OTHER MECHANISMS
Case 3. A 43 year old gentleman was admitted to the hospital because of diarrhea. His medical history is significant for Crohn's disease. One week prior to admission, he was prescribed amoxicillin-clavulanate for tooth abscess. His stool was described as voluminous and positive for WBC and occult blood.
There are many non-infectious causes of diarrhea. Each etiologic cause may have one or more mechanisms involved, whether known or unknown. It is important to recognize other factors that may contribute to the development of loose bowel movements. In general, anything that affect the activity of the ion or solute transport channels, integrity of the absorptive microvilli, cytoskeleton and tight junctions, and motility of the intestinal tract can lead to diarrhea. Furthermore, any one factor or pathogen may attack more than one aspect of gut physiology to synergistically lead to diarrhea.
DRUGS
The gastrointestinal mucosa is intimately associated with a local community of diverse organisms (intestinal microbiota). The mucosa continuously sample the contents of the intestinal lumen and mount local defenses to confine the microbiota to the gut 36 . These enteric organisms not only compete against colonization with potentially damaging pathogen, such as C. difficile, but also modulate the development and response of epithelial immune system 37, 38 . Antibiotics, can cause diarrhea by alteration of the intestinal microbial flora, thereby, disturbing the symbiotic relationship between the host cells and commensal organisms. Although C. difficile is the most common known cause of antibiotic-associated diarrhea (AAD), it only accounts for 20-30% of the cases. It is possible that there are other pathogens causing AAD and that the microbial disruption itself may cause physiological disturbances in the intestinal mucosa leading to diarrhea.
Drugs can cause diarrhea by other various mechanisms 39 . Osmotic diarrhea is caused by non-absorbable solutes that are trapped in the lumen. Magnesium-containing antacids and laxatives are examples. However, prostaglandin E2 has also been noted to be increased in the stool during Mg intake 40 . Carbohydrate-induced diarrhea from lactulose (used for constipation and hepatic encephalopathy), fructose (from fruit juices), sorbitol and mannitol (from sugar-free candies) may also occur. Hypertonic enteral feeding will, likewise, cause osmotic diarrhea. The antidiabetic medication-acarbose, is an example of alpha-glucosidase inhibitors that prevent the breakdown of carbohydrates into monosaccharides and is associated with the development of diarrhea in up to 30% of patients 41 . The colonic bacteria break down undigested starch to butyrate, which in turn upregulates PGE2 42 . Similar to enteric pathogens and toxins, some drugs may also cause secretory diarrhea by altering ion or solute transport. Digoxin, by inhibiting the cardiac Na + K + -ATPase pump may also inhibit, often at supratherapeutic level, the same ion channel in the intestinal mucosa 41 . The azo compound-olsalazine, and perhaps, similar to sulfasalazine and mesalazine, which is used for inflammatory bowel disease, may cause diarrhea by stimulation of the HCO 3 -and Cl -secretion in the ileum 43 . Theophylline, a phosphodiesterase inhibitor, and misoprostol, a prostaglandin analogue, cause diarrhea by increasing cAMP levels, thereby, opening Cl -channels and enhancing secretion. Prostaglandins also induce diarrhea by altering mucosal permeability and motility. Similarly, laxatives induce diarrhea by affecting ion/solute transport and/or intestinal motility. Other drugs that cause secretory diarrhea include calcitonin (used to treat hypercalcemia and osteoporosis) and colchicine (used to treat gout; can also cause diarrhea by inhibiting microtubule formation and thus, interfering with migration of enterocytes from the crypt to the villus) 44, 45 . Inflammatory diarrhea may occur from the drug-induced disruption of the intestinal epithelium causing increased intestinal permeability. Furthermore, induction of inflammation can result from bacterial or toxin translocation across the damaged epithelium. Stimulation of apoptosis and/or inhibition of cell proliferation have been reported in the use of non-steroidal anti-inflammatory drugs (NSAID), immunosuppressive agents and chemotherapeutic drugs (such as 5-FU) 46 . Disordered motility is one of the most recognized effects of some medications. Macrolide antibiotics, especially erythromycin, can mimic the effect of motilin, a peptide hormone that is a potent contractile agent. The beta-lactamase inhibitor, clavulanate, has been shown to increase motility and duration and amplitude of contractions in human small intestines during nocturnal fasting 47 . The synthetic thyroid hormone, levothyroxine (used to treat hypothyroidism), similar to hyperthyroidism, also accelerates intestinal transit 48 .
GASTRO-INTESTINAL AND SYSTEMIC DISEASES
Underlying gut abnormalities and systemic illnesses, in addition to the drugs used to treat these, can cause diarrhea directly or indirectly. Mucosal disruption and inflammation from inflammatory bowel disease (Crohn's disease or ulcerative colitis), ischemic colitis, microscopic colitis (may be drug-induced also), radiation colitis and diverticulitis are examples. Alteration of ion channel transport and increased generation of intracellular second messengers (cAMP, cGMP, Ca ++ ) can be induced by inflammatory cytokines. Decreased in absorptive microvilli consequently causes reduction of mucosa-associated digestive enzymes and ion or solute channels, such as DRA, NHE and SGLT1, as discussed above. Likewise, intestinal neoplasia, such as colon carcinoma, adenoma or lymphoma, may present with loose stool (watery, inflammatory or bloody) from the same mechanisms. Surgical resection of a diseased section of the intestinal tract can lead to "short bowel syndrome", a malabsorptive state from inability to absorb adequate nutrients, electrolytes and water and also, loss of gut hormonal production causing altered motility 49 . The pathophysiologic basis of the altered bowel movement ob-served in irritable bowel syndrome is still unclear although low grade intestinal inflammation as evidenced by increased T-lymphocytes and mast cells has been recently implicated 50 . Endocrinopathies, such as diabetes and hyperthyroidism, can also manifest as diarrhea. Autonomic neuropathy in diabetes mellitus can affect the gastro-intestinal tract causing disordered motility 51 . Increased thyroid hormone levels in thyrotoxicosis, similar to intake of excess levothyroxine, can cause increased intestinal motility. Neuroendocrine neoplasias like gastrinoma, VIPoma, mastocytosis, carcinoid syndrome and medullary carcinoma of the thyroid all can cause diarrhea by their local effects in the gut as well. Sepsis and septic shock are often complicated by diarrhea. Decreased intestinal perfusion, hypoalbuminemia and cellular derangements; parenteral or enteral feedings; and drugs administered are all contributing factors to the development of increased secretion, malabsorption or increased gut motility.
Local intestinal and systemic diseases may also result to small intestinal bacterial overgrowth (SIBO). SIBO is defined as an increased in the number of bacteria in the upper intestinal tract. Achlorhydria, pancreatic insufficiency, immunodeficiency syndromes, anatomical abnormalities in the small intestines -whether from local disease or surgical procedures, and motility disorders all can lead to SIBO 52 . Production of bacterial toxic agents including ammonia, D-lactate, ethanol or peptidoglycans, have been implicated in the pathogenesis. Induction of mucosal inflammation, ulceration and villous atrophy has been observed in patients with SIBO.
SUMMARY
The mechanisms involved in the development of diarrhea depend on the etiologic causes, which could be multi-factorial (Figure 30.4) . Often, disturbances in the enteric or systemic immune, endocrine and/or nervous systems causing either or a combination of net increased in ion/solute secretion, decreased absorption of ion/solute or nutrients, dysregulated motility and/or alteration of the intestinal microbiome can lead to diarrhea. Understanding the specific mechanisms and addressing the underlying causes are key to the control of diarrhea. 
